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m ~ . . e  -m A m s  R e s e a x k  Center has recent l j i  ijlaced i n  opera t ion  a . .  comb~st ?or, &.i-i;en :;naci: t:abe designed priTariL;; for studying 
chemical ::5zeT.tcs. ' J e i cc i t i e s  as hLgii as 2C,OOO f'ps, eq~librZ-!L-;  
tznpe-ai;w-:-es 0: 7,500@ E, p-essilres bet.ween 1/2 an3 5 a t m ,  and 
k e s t i r g  t ines  of 100 t o  150 ysec  are a v a i l a b l e  i n  gas samples 
aecind t h e  i n c i 5 e n t  skocr: wave. The p r i n c i p a i  featwes of this 
apparatus an?, its assoc ia t ed  eq::ipment, t h e  per t inent .  operat ing 
proced:zes,  t k e  operatirig ranges ava i l ab le ,  and some res-ilts thus  
Far obtained are descr ibed i n  t he  ensxing sec t ions  of t h i s  r epor t .  

1 .  

a 

a r a 5 h s  of' ms'l;'ported a rea  of diap:wag;n (ref. 5); one-half 
diagonal of zmqjpor ted  area of diaphragrr;. f o r  t h i s  shock tube  

modulus of e l a s t i c i t y  of diaphragm n a t e r i a i  

s p e c i f l c  enthalpy 

p res  s ;Ire 

-,:eloeity of ;es t  gas relati-:e t o  shock tube  

v e l o c i t y  of inc ident  shock wave re la t ive  t o  shock t ube  

apparent ulti-mate s t r eng th  of diaphragm. ( re f .  

r a t i o  of speciTic  heats  

5) 

dens i s y  

t e s t i n g  t i r e  
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8-25s c r i p t  s 

Expansion wave 

1 Expansion wave 

0 

f'?} reg ions  i n  shock tube  as s h o m  i n  ske tch  -, 3 

2ordi t ion  a t  273' K a t  1 atn preEs.De 

]tote: Units  used a r e  e i t h e r  s t a t e d  a t  t i m e  synbol i s  used, or  
chcxen t o  be se l f -cons is ten t .  

THE SHOCK T T a E  

Tube Assembly 

The shock t z b e  assembly, cons is t ing  of t h e  dr iv ing  tube,  
diaphragx sec t ion ,  dr iven t>;be, working sec t ion ,  ax2 d u q  tank 
conforms i n  genera l  with conventional a r ra rgezents .  
i n g  of t h e  i n s t a l l a t i o n  i s  shown i n  f i g u r e  l and p i c t u r e s  of var ious  
po r t ions  of t h e  i n s t a l l a t i o n  appear i n  f igu res  2, 3, IC, and 5. 
Pe r t inen t  da ta  f o r  t hese  components a r e  t abu la t ed  i n  t a b l e s  I, 11, 
and 111. 

A l i n e  draw- 

Driving and Driven Tubes 

The dimensions, materials of  construct ion,  and a u x i l i a r y  
equipment f o r  t h e  shock t l ~ b e  were chosen t o  provide t e s t  gas sampies 
behind t h e  inc ident  shock wave having high i; expe ra t - aes  a t  moderat e 
p re s su res ,  as f ree  Prom contami2ation as poss ib l e ,  and t e s t i n g  times 
of usable  durat ion.  
p repa ra t ion  t ine pe r  shot  were a l s o  inpor tan t  f a c t o r s ,  but decidedly 
secondarjr cons idera t ions  t o  these  major obJect ives .  

R e l i a b i l i t y ,  freedom from mintenance ,  and 
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Qca!;t i t a t i v e  desicn values  f o r  tempe~atme and p r e s s m e  w e r e  
der ived from a n a l y s i s  of t h e  e q x i l i b r i l n  +he rnodpan ic  cha rac t e r -  

d i a t e  Lnterest  e a r t h  atmosphere entr:: p rg t l em,  and ( b )  sir,ce 
it. 2 iesoc ia tes  a t  higher temperatures than  most o ther  gases,  a 
shocli tube  s u i t a b l e  f o r  ni t rogen tes ts  would be u s e f u l  f o r  chemi- 
c a l  k i n e t i c  i nves t iga t ions  i n  general .  A f t e r  some cons idera t ion  
t h e  TAnim’m design goa l  vas sonwhat  a r b i t r a r i l y  f i x e d  a t  20 per- 
cent  d i s soc ia t ion  f o r  1 a t m  p re s sme .  The equi l ibr ium tempera t -xe  
corresponding t o  t h i s  state i s  6@Oo K and t h e  r equ i r ed  shock wave 
ve loc i ty  i s  18,000 fps .  It w a s  a l s o  decided t o  exceed t h e s e  mini- 
xm requirements by as w i d e  a margin as a balance design would 
p e r n i t .  

i q - i  L u - L b  -.c of ni5rogen. Xitrogen ;;as used becaiise ( a )  it i s  of i.rze- 

n i h e  sho r t e s t  w e f u l  t e s t  t i m e  f o r  chemical k i n e t i c  st7;dies 
depends -2pon t 4 e  t i m e  requi red  for t h e  r e a c t i o n  behind t h e  shock 
vat-- t o  reach e q u i l i b r i m ,  and t h e  -“-elocity of t h e  test  gas as it 
passes  t h e  obse-vation p o r t s  i n  t h e  ;:orking sec t ion .  These two 
T a n t i t i e s  determine t h e  ninimm length  of t h e  slug of t e s t  gas, 

F7re;irninary inves t iga t ion  ind ica ted  t h a t  a r e a c t i o n  zone l e % t h  of 
t h e  order of  2-1/2 feet  should b e  s u f f i c i e n t  for most work. This  
?.inension corresponds t o  t e s t  t i m e s  of 100 t o  150 psec,  d e p e n d i x  
q o n  t h e  test  gas ve loc i ty .  

nust e q l a l  or ex2ee.l t h e  length cf t t e  r e a c t i o n  zone. A 

H e l i u m  heated by t h e  combustion of hydrogen and oxygen w a s  
chosen as t h e  dr iv ing  gas .  This choice w a s  l?lade because t h e  char-  
a c t e r i s t i c s  of t h e  gas were well known and t h e  performance, although 
sharply l imi ted ,  appeared capable of xee t ing  research  requir*ernents. 

Vi th  t h e s e  f a c t o r s  i n  mind a pa rane t r i c  stud;. w a s  made t o  
evaluate t h e  e f f e c t s  upon shock tube  performance of (a) t h e  sound 
speed of t h e  dr iv ing  gas a t  t h e  moment of diaphragm rupture ,  (b)  t h e  
area r a t i o  of dr iv ing  t o  dr iven  tube,  and ( e )  t h e  pressure  r a t i o  of 
dr iv ing  t o  dr iven gas.  The ana lys i s  -2 t i l i zed  t abu la t ed  values  o f  

of re ference  1. Resul t s  i n i t i a l l j r  were computed by hand i n  t h e  manner 
descr ibed i n  appendix A; subsequently they  w e r e  extended by use of an  
IBM 704 d i g i t a l  computer. Quant i t ies  c o q u t e d  included t h e  thermo- 
dynamic p rope r t i e s  of t h e  t e s t  gas ,  t h a t  i s ,  temperature, degree of 
d i s soc ia t ion ,  pressure,  s p e c i f i c  enthalpy, e t c . ,  as w e l l  as shock 
v e l o c i t y ,  v e l o c i t y  of t h e  t e s t  g a s  behind t h e  shock wave, test  t i m e ,  
and  length  of t e s t  gas sample. 
account f o r  e f f e c t s  of t h e  boundary l aye r  on t h e  w a l l  of t h e  dr iven 
tube ,  t h e  t h e o r e t i c a l  p red ic t ions  agreed wel l  with a c t u a l  performance 
d a t a  (as  w i l l  be sho-m s3Asequently) . 

+1- blie thermodynanic p rope r t i e s  of n i t rogen  e s s e n t i a l l y  t h e  same as those  

Although no attempt was made t o  

The r e s u l t s  ind ica ted  t h a t  t h e  rninimurn condi t ions spec i f l ed  
above could be a t t a i n e d ,  and i n  a l l  p robab i l i t y ,  exceeded. Tempera- 
tures  ( i n  n i t rogen)  as high as 7500’ K seemed poss ib le :  
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I exper a t  ia- e,  D i  s s oc iat  ion,  Pr es s 12.r e, Shock - ~ e l o c  i t ; r  , 

OK percent  p s i  fp s  

7000 61. L 5.e5 25,830 
7300 
7 500 

40.4 
29.6 

36.. 9 
116.7 

22 ; 600 
20 , 800 

I n  add i t ion  it w a s  deterxined t h a t  t h e  driving gas  sound speed 
had t h e  g r e a t e s t  e f f e c t  upon performance. Area r a t i o  was next i n  
i q o r t a n c e .  F ina l ly ,  t o  rea l ize  s i g n i f i c a n t  ga ins  with higher  
pressure, very  l a r g e  increases  i n  pressure  r a t i o  w e r e  f o m d  t o  be 
necessary.  

This  studjr a l s o  provided most of t h e  da t a  needed t o  f i x  t h e  
maJor dimension and proport ions of t h e  shock tube.  For t h e  conbus- 
t i b l e  mixt-are of hy5-ogen and o q g e n  i n  helium, an area r a t i o  of 4:1 
(kriving t o  dr iven tube)  vollld provide tezrperatmes between 6500° K 
and 7500° K (n i t rogen  a t  1 a t m ) .  
t h a t  a dr iven tube  30 t o  k.0 feet  long would be needed f o r  testing 
t t m e s  of 100 t o  150 psec (35 f e e t  was t h e  length  chosen). 

The v e l o c i t i e s  ca l cu la t ed  inciicsted 

Tne m i n i m u m  diaraeter of t h e  dr iven  tube  was chosen fron: 
information provided i n  t h e  l i t e ra ture  (see, e .g . ,  r e f .  2) which 
ind ica t ed  that a r a p i d  loss  of shock wave ve loc i ty  could be  expected 
for l ength  t o  diameter r a t i o s  above 100 t o  120. However, a va lue  of 
140 ( r e s u l t i n g  i n  3-inch i . d . )  was used and provis ion  made t o  shor ten  
or lengthen t h e  tube as experience d i c t a t ed .  The dr iv ing  tube  w a s  
made longer  t h a n  necessary t o  provide f o r  f u t u r e  r e a r r a x e n e n t s  not 
t h e n  c o q l e t e l y  formulated. 

a 
Increased t e n p e r a t m e s  and en tha lp ies  i n  t h e  t e s t  gas  would nave 

been obtained with a l a r g e r  diameter driviLng tube. The inc rease ,  
howesrer, i s  r e l a t i v e l y  small as t h e  area r a t i o  r i s e s  above b ( r e f .  2 ) ,  
and introduces a nuTber of disadvantages. I n  p a r t i c x l a r  t h e  frequency 
and v io lence  of detonat ion increase,  t h e  cos t  of t h e  dr iv ing  gas goes 
up roughly as t h e  sqxare of t h e  bore,  as does a l s o  t h e  gas consumed 
per shot  and t h e r e f o r e  t h e  capac i t i e s  and s i z e s  of t h e  p r i n c i p a l  corn- 
ponents of t h e  combustion gas s ~ p p l y  system. It i s  a l s o  t r u e  t h a t  
longer  t e s t i n g  times would have been provided by a scaled-up shock tube  
of t h e  same proport ions as those  chosen. Increasing t e s t i n g  t i m e  i n  
t h i s  manner , however, very quickly becomes p roh ib i t i ve ly  expensive - 
t h e  increase  i s  d i r e c t l y  proport ional  t o  s i z e ,  but t h e  ove r -a l l  cos t ,  
as j u s t  mentioned, increases  quadra t ica l ly .  

A s  noted i n  t a b l e  I, t h e  design pressure  f o r  t h e  dr iven  tube  
vas 50,000 p s i ,  with 30,000 p s i  being t h e  maximum expected working 
pressure. The s e l e c t i o n  of oz ts ide  t o  i n s i d e  diameter r a t i o  was based 
p r imar i ly  on t h e  empir ical  formulas of re ference  3 toge the r  with t h e  
t e s t  r e s u l t s  repor ted  i n  reference 4. L i t t l e  weight w a s  a t t ached  t o  
va lues  computed from t h e  Lam6 formula, although t h e  c a l c u l a t i o n  w a s  
made as a matter of i n t e r e s t .  The phys ica l  p rope r t i e s  used i n  t h e  
var ious  ca l cu la t ions  are included i n  t a b l e  I. 
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The dr iv ing  tube  supplied by t h e  ;.endor -,cas abo;re t h e  hardness 
l i m i t  spec i f i ed  (Rockwell C-38). 
mation l a t e r  obtained from a manxfactmer s p x 5 a l i z i n g  i n  t h e  design 
and t e s t i n g  of high pressure  apparatus,  it is  f e l t  t h a t  even t h e  
hardness spec i f i ed  i s  a l i t t l e  too g r e a t .  I n  s p i t e  of t h e s e  conclu- 
s ions  t h e  cy l inder  was not hycirostaticalll; t e s t e d ,  t h e  reasons for 
t h i s  being t h a t  (1) t h e  u n i t  i s  well  barricaded; operating personnel  
are p ro tec t ed  by a r e in fo rced  concrete wall 2h inches t h i c k ,  (2)  a 
hydros t a t i c  t e s t ,  i f  successfu l ,  a t  bes t  would provide o i l y  approxi- 
mate assurance aga ins t  f a i l m e  under Ciynanic loading. If on t h e  
o the r  hand, t h e  v e s s e l  should fa i l ,  t h e  damage would probably be 
l i t t l e  less than  would be experienced otherwise.’ 
never been a problem, and any t h a t  PA; occ’-xr can be loca ted  far more 
quickly and safel3- at a low oharging pressure  w i t h  a h e l i m  leak  
Cietector. 

I n  add i t ion ,  on the b a s i s  of i n f o r -  

(3 )  Leaks have 

The driven tube  ( s e e  f i g s .  1 and 2, t a b l e  111) !:as tw:, f e a t u r e s  
worth noting: (a) It i s  constructed of a group of denountabie sec-  
t i o n s ,  and (b)  t h e  ma te r i a l  from which it i s  f a b r i c a t e d  i s  type  316 
stainless s t e e l .  Demountable sec t ions  provide f l e x i b i l i t y  i n  exper i -  
mental setups; t h e  tube  not only can be shortened, it can b e  lengthened 
by as much as 20 f e e t  i f  conditions warrant. Type 316 s t a i n l e s s  steel 
vas chosen because it a p p e a r e d t o  be t h e  f e r r o u s  a l l o y  l e a s t  l i k e l y  t o  
contaminate test  gases. 

The s t r e s s  ca l cu la t ions  f o r  s e l e c t i n g  t h e  driven tube  diameter 
r a t i o  were i d e n t i c a l  i n  method t o  those  used f o r  t h e  combustion cham- 
ber ,  a design pressure  of 30,000 p s i  being used. There w a s  t h e  addi -  
t i o n a l  problem of f i x i n g  t h e  s i z e  of t h e  f langes  and choosing t h e  
method of attachment t o  t h e  tube  proper. Screw threads  were used f o r  
attachment. I n  s p i t e  of t h e  high design pressure,  f l ange  s t r e s s e s  
were computed from t h e  p r a c t i c a i  equations commonly used f o r  t .h i s  type 
of problem. 

~ 

’The authors a r e  acquainted wi th  t h e  r e s u l t s  of one failure 
which took p lace  during t h e  hydros ta t ic  test of a v e s s e l  q u i t e  s i m -  
i l a r  i n  s i z e  and shape t o  t h e  driving tube.  The v e s s e l  f a i l e d  a t  
t h e  r e l a t i v e l y  low pressure  of 20,000 p s i ;  t h e  ensuing damage was 
impressive. S tu f f ing  a second vesse l ,  which a l s o  f a i l e d ,  with a 
c l o s e - f i t t i n g ,  s o l i d  metal cy l inder  d i d  not noticeably reduce t h e  
damage of t h e  second explosion. The hardness of t h e  e ighteen  
remaining vesse l s  w a s  tnen  reduced from Rockwell C-40 t o  c-36. 
A l l  of these  were t e s t e d  s x c e s s f u l l y .  T e s t  personnel noted thsLt 
t h e  f i r s t  two vesse l s  rang l i k e  b e l l s  when tapped x i t h  a h a m e r  
(as does t h e  dr iv ing  t u b e ) ;  i n  con t r a s t ,  t h e  remaining e ighteen  
(hardness c-36) responded w i t h  a kind of dull thud. 

t 
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The var ious p o r t s  ar,d j o i n t s  i n  t h e  tube  assenbk; a r e  m d e  
gas t i g h t  with 0- r in& seals, care  being taken t h a t  c learances are 
kept small enough t o  prevent extrusion between t h e  va t ing  s1nl"aces. 
This  type of s e a l  has worked very w e l l .  

Diaphragm and Trans i t i on  Sec t ion  

The diaphragm separa t ing  the  dr iving f r o 3  t h e  dr iven tube  i s  
i l l u s t r a t e d  i n  f i g u r e s  3 and 6, and t h e  r e t a i n i n g  r i n g  holding it i n  
p lace  i s  shown i n  f i g u r e  4. 
t i o n  sec t ion .  
The d is t inguish ing  f ea tu res  of the  assembly are (a )  t h e  diaphragm i s  
s e l f - r u p t u r i r i ,  and (b)  t h e  f ace  of t h e  t r a n s i t i o n  sec t ion  supporting 
it has a square, not round, opening which i s  intended t o  minixize 
%caring at t h e  base of t h e  pe t a l s .  That t h i s  ob jec t ive  was achieved 
i s  q J i t e  apparent Zron inspect ion of t h e  ruptured diaphragms displayed 
i n  f i g u r e  3. With any type of ccmbustion, including r e l a t i v e l y  severe 
detonat ions,  no p e t a l  has ever been l o s t .  The diaphragms a r e  not 
biulged by preloading before  use. 

F ig i r e  4 a l s o  i l l u s t r a t e s  t h e  t r a n s i -  
Pe r t inen t  physical  da t a  are t abu la t ed  i n  t a b l e  11. 

I n  s e l e c t i n g  t h i s  design the  primary concern, a s i d e  from r e t a i n i n g  
t h e  p e t a l s ,  was assurance t h a t  p r e m t u r e  ruptures  inducing detonat ion 
would be avoided. The genera l  arrangement considered most promising i n  
t h i s  r e spec t  was t h e  se l f - ruptur ing  diaphragm of t h e  type  described i n  
r e fe rence  5 .  

With a se l f - ruptur ing  diapham it i s  imperative t o  know accura te ly  
t h e  burs t ing  pressure  before  it is  used i n  t h e  shock tube; assurance i s  
a l s o  necessary t h a t  b x s t i n g  pressure f o r  any given design w i l l  be 
repea tab le  wi th in  narrow l i m i t s .  Arrangements were the re fo re  made t o  
t e s t  designs outs ide  t h e  tube.  A hydraul ic  test  apparatus ( f i g .  7) - 
desp i t e  t h e  f a c t  t h a t  it produces low rates of loading, and t h a t  b u r s t -  
i n g  pressures  measured m d e r  such condi t ions might d i f f e r  markedly from 
t h o s e  encountered i n  t h e  shock tube - w a s  assembled f o r  t h i s  purpose. 
The accuracy with which it predic t s  r e s u l t s  proved t o  be much b e t t e r  
t h a n  expected. A comparison i s  shown i n  f i g u r e  8. 

The d i a p h r a g s  conformed c lose ly  enough t o  t h e  design repor ted  i n  
r e fe rence  5 t o  permit v a l i d  comparison of t h e  present  r e s u l t s  with t h e  
design cha r t s  of t h e  reference.  The only di f fe rence  poss ib ly  v i t i a t i n g  
such a comparison w a s  t h e  use of a square in s t ead  of round e x i t  po r t .  
Four po in t s  covering t h e  range of  l o c a l  experience, taken from t h e  
f a i r e d  curve f o r  shock tube  results, a r e  p l o t t e d  i n  f i g u r e  9, which i s  
a reproduct ion of f i g u r e  5 of the  reference.  The agreement i s  considered 
exce l len t .  



Working Sect i o n  

I The working s e c t i o n  cons i s t s  s ixp ly  of a 5-foot t ube  a t t ached  
t o  t h e  end of t h e  dr iven  tube  havirg t k e  same bore blxt an  8-inch o.d. 
The upstream p o r t i o n  of t h i s  unit can be seen i n  t h e  cen te r  of f i g -  
ure 2 (b ) .  It i s  por ted  as necessary t o  accGmodate t h e  in s t ruqen ta -  
t i o n .  Attached i m e d i a t e i y  t o  the  downstream end i s  a con ica l  d i f f u s e r  
connecting it t o  t h e  dump tank. The dr iven  t u b e  and working s e c t i o n  
are i s o l a t e d  from t h e  duxp tank by a diaphragm of type  A "qlar" 
po lyes t e r ,  0.002 or 0.005 inch thick,  i n s t a l l e d  a t  t h e  downstream end 
of t h e  working sect ion.  The th ickness  used depends upon t h e  p re s su re  
t o  be obtained i n  t h e  t e s t  gas behind t h e  inc ident  shock wave. The 
0.002-inch diaphragm i s  used f o r  pressiires up t o  1 a t m ;  0.005 inch 
f o r  higher values.  Experience has shown t h a t  t h e s e  diaphragms a r e  
inexpensive, e a s i l y  i n s t a l l e d ,  and f'ree from operating problems. How- 
ever,  when tes t  gas pressures  behind t h e  shock wave are s u b s t a n t i a l l y  
less than  1 a t m ,  diaphragms 0.001 t h i c k  a r e  sometimes used t o  reduce 
t h e  s t r e n g t h  of t h e  r e f l e c t e d  shock wa-Je t o  1e;rels not i n t e r f e r i n g  
wi th  tes t  results. This arrangement r equ i r e s  c lose  a t t e n t i o n  during 
t h e  evacuation of t h e  d q  tank  and driven tube  t o  avoid premature 
rupture .  

I 

l 

1 

Combustion Gas and I g n i t i o n  Systems 

Detonation i s  unquestionably t h e  major problem encountered i n  
t h e  opera t ion  of a combustion dr ive shock tube.  The necess i ty  of 
minimizing i t s  occurrence governs dec i s ive ly  t h e  choice of every 
important design f e a t u r e  of t h e  systems f o r  mixing, loading, and 
i g n i t i n g  t h e  d r i v e r  gas. It cannot be s a i d  that t h e  present  equip- 
ment has been e n t i r e l y  successfu l  i n  t h i s  r e spec t ,  but some aspec ts  
of t h e  arrangements chosen appear t o  have been helpful .  

I n  designing t h e  gas mixing system t h e  p r i n c i p a l  ob jec t ives  
sought i n  t h e  e f f o r t  t o  con t ro l  detonation were: 
of mixtures used and (2)  uniform d i s t r i b u t i o n  of a l l  cons t i t uen t s  
throughout t h e  combustion chamber before  i g n i t i o n .  
considered equally important, but having no bearing on detonation, 
w e r e  s a f e t y  of operating personnel and f l e x i b i l i t y  i n  usage. 
schematic drawing of t h e  system is  shown i n  f i g u r e  10. 

(1) p r e c i s e  c o n t r o l  

Other ob jec t ives  

I 

A I 
I 

The r e l a t i v e  proportions of t h e  mixture are con t ro l l ed  by 
measurement of p a r t i a l  pressures.  The gages on t h e  mixing panel 
intended t o  c o n t r o l  t h e  He:H2 r a t i o  are graduated t o  read  1/750 fu l l  
s c a l e .  For t h e  most unfavorable propor t ion  t h i s  r e s u l t s  i n  e r r o r s  
s l i g h t l y  l e s s  than  1 percent i n  t h e  hydrogen p a r t i a l  press'ure. A 
s e r i e s  of fou r  gages, each ind ica t ing  l/lOOO fu l l  s c a l e  arid having 
maximum ranges of 100 p s i a ,  500 p s i a ,  2,OOOpsia, and 10,000 p s i a  con- 
t r o l  mixing i n  t h e  combustion chamber. This  combustion maintains e r r o r s  
of l e s s  t h a n y 2  percent over the e n t i r e  u s e f u l  range of mixtures and 
charging pressures .  
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Devising an e f f e c t i v e  arrangement t h a t  would ensure uniform 
d i s t r i b u t i o n  i n  t h e  dr lv ing  tube  w a s  more d i f f i c u l t .  Calcidlations 
ind ica t ed  that approximately one year would be  r equ i r ed  f o r  one 
p a r t  hydrogen t o  d i f f u s e  i n t o  four p a r t s  of helium i n  t h e  d r iv ing  
tube,  t h e  pa th  length  being 8 f e e t  and t h e  t o t a l  p re s su re  15,000 p s i .  
It was t h e r e f o r e  decided t o  r e l y  upon j e t  a c t i o n  t o  mix t h e  c o n s t i t u -  
e n t s ,  and arrangements were made t o  in t roduce  t h e  helium-hydrogen 
mixture i n t o  t h e  dr iv ing  tube  a t  sonic velocit jr .  Since t h e  ?naximum 
charging p res su re  w a s  5,000 p s i ,  maintenance of sonic  flow during t h e  
e n t i r e  charging cyc le  r equ i r ed  a high source pressure .  
va lue  was s e l e c t e d  p a r t l y  because f o r  t h a t  p re s su re  t h e  p r i n c i p a l  
components r equ i r ed  (compressor, l a r g e  bore tubing, fittings, e t c . )  
w e r e  r e a d i l y  obtainable.  

The 15,000 p s i  

Or ig ina l ly  it w a s  planned t o  premix t h e  hydrogen and helium 
at 6000 p s i  i n  v e r t i c a l  tanks.  The mixing was t o  be achieved by 
d i f fus ion ,  it being thought, i n  s p i t e  of t h e  r e s u l t s  of t h e  ca l cu la -  
t i o n s  f o r  t h e  combustion chamber, t h a t  two o r  t h r e e  weeks should 
s u f f i c e .  This  procedure proved ine f fec tua l ;  t h e  ex ten t  t o  which it 
f a i l e d  i s  discussed i n  appendix B. P resent  charging p r a c t i c e  con- 
sists of f i l l ing  t h e  combustion chamber d i r e c t l y  with oxygen, hydro- 
gen, and helium, i n  t h a t  order,  t h e  lat ter two gases being introduced 
at sonic  ve loc i ty .2  
contained i n  t h e  s e c t i o n  "Operating Experience. I' 

More information concerning t h e  procedure i s  

The gas mixture i s  i g n i t e d  with a hot wire. T h i s  method was 
f i r s t  suggested i n  a personal communication t o  t h e  authors3 and sub- 
sequently described i n  re ference  6. 
components used i n  t h e  subjec t  i n s t a l l a t i o n  a r e  included i n  t a b l e  IV. 

Per t inen t  data concerning t h e  

The e l e c t r i c a l  feed-through i n  t h e  breech plug ( f i g .  5) i s  
i n s u l a t e d  by nylon, which has been found super ior  t o  t h e  boron n i t r i d e  
f i rs t  used i n  t h a t  it survives detonation. It a l s o  i s  markedly cheaper. 
Although t h e  i n s i d e  su r face  of t he  nylon vaporizes s l i g h t l y  on each 
firing, it is q u i t e  s a t i s f a c t o r y  as an i n s u l a t o r .  The i g n i t i o n  w i r e  
i t se l f  is  drawn t a u t  t o  a spec i f i ed  t ens ion  and clamped d i r e c t l y  t o  t h e  
downstream support. It has been found unnecessary t o  use spr ings  o r  
any supporting material t o  keep t h e  wire from sagging aga ins t  t h e  com- 
bus t ion  chamber during i g n i t i o n .  The wire remains i n t a c t  during normal 
combustion, but i t  i s  rep laced  for each f i r i n g .  

?For 1000 p s i  chai-glng pressure  and t h e  source pressures  s t a t e d  
above t h e  flow times f o r  both t h e  hydrogen and t h e  helium are less 
t h a n  two seconds. To ob ta in  accurate proportions with t h e s e  very 
s h o r t  flow t i m e s  a timing device which au tomat ica l ly  con t ro l s  t h e  
in le t  va lve  was developed. This device o r d i n a r i l y  holds e r r o r s  i n  
hydro en content below 5 percent and i p  helium below 1 percent.  

'Mr. K. C. Hendershot, Convair Hy-personics Laboratory, San 
Diego, Ca l i fo rn ia .  
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Mise ellaneous Equipment 

The remainder of t h e  pe r iphe ra l  equipment, excepting some of t h e  
instrumentat ion,  is  conventional. A s  i nd ica t ed  i n  t h e  piping schematic 
( f i g .  10) t h e  dr iv ing  tube  and dung tank a r e  evacuated by a two-stage 
vacuum pump, composed of an  a i r  b a l l a s t e d  vane-type forepump connected 
i n  tandem with a Roots-type blower forming t h e  first s tage.  Valves and 
piping are arranged s o  that each v e s s e l  may be evacuated independentljj,  
o r  t h e  two simultaneously. 
evacuate t h e  d r iven  tube.  
d r iven  tube  were machined i n  a spacer 2-5/8 inches long of t h e  same 0.d. 
as t h e  tube  f langes  and an i . d .  equal t o  t h e  tube  bore. This  spacer i s  
i n s t a l l e d  between t h e  f irst  and second sec t ions  of t h e  dr iven tube.  

A single s t age  mechanical pump i s  used t o  
The por t s  f o r  evacuating and charging t h e  

A t  p resent  t h e  lowest p r a c t i c a l  p ressure  t o  which t h e  dr iven  tube  
can be evacuated i s  3 p. 
hour and i s  stable over per iods up t o  72 hours. 
i s  acceptable ,  t h e  minimxn pressure i s  t o o  high f o r  p r e c i s e  tests.  
l e a s t  one purging with t h e  t es t  gas i s  the re fo re  necessary.  
p re s su re  of t h e  t e s t  gas i s  measured with McLeod or Bourdon tube  gages, 
depending upon t h e  magnitude involved. 

A t  t h i s  pressure  t h e  leak  rate is  5 p per  
Although t h e  l eak  r a t e  

A t  
Charging 

ITJSTRUMEXTATION 

The instrumentat ion f o r  obtaining performance da ta  measures (a) 
combustion chamber pressures  as a func t ion  of t i m e ,  ( b )  shock wave 
ve loc i ty ,  and ( e )  t e s t  gas densi ty  as a func t ion  of t i m e .  
chamber pressure  i s  measured f r o m  photographs of t h e  osc i l loscope  t r a c e  
of a pressure  c e l l  s igna l .  
i n s t a l l a t i o n  appears i n  f i g u r e  11. It i s  t o  be noted t h a t  t h e  c e l l  i s  
mounted i n  a removable l i n e r  ins tead  of d i r e c t l y  i n  t h e  po r t  of t h e  
d r iv ing  tube.  This  arrangement g r e a t l y  f a c i l i t a t e s  r e p a i r  of t h e  ero-  
s i o n  encountered when t h e  seal f o r  t h e  pressure  c e l l  p i s t o n  f a i l s .  

Combustion 

A drawing of t h e  pressure  c e l l  and i t s  

Shock wave ve loc i ty  i s  determined from time h i s t o r i e s  of pressure  
i n  t h e  shock tube  at f i v e  accurately loca ted  po r t s .  The t ime i n t e r v a l s  
between t h e  pressure  r i s e  a t  each po r t  is  measured t o  t h e  neares t  0.1 psec 
by commercial counters.  An osci l loscope with raster sweep a l s o  monitors 
t h i s  information, but with somewhat less accuracy. The pressure  sensing 
elements f o r  t h e s e  measurements a r e  b a r i u m  t i t a n a t e  c e l l s .  By mounting 
them i n  rubber it has been fomd poss ib l e  t o  suppress s u f f i c i e r t l y  t h e  
s i g n a l  from t h e  pressure  wave t ravers ing  t h e  w a l l s  of t h e  dr iven tube  s o  
t h a t  it i s  seldom a source of t rouble .  
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T e s t  gas  densi ty  i s  measwed with a pa lsed  X-ray dens i tone ter  i n  
combination with an  osc i l loscope  and C a m e r a  assembljr. 
t h e  X-rays can be ad jus ted  bet-cJeen 5 and 8 A. 
osc i l loscope  i s  der ived from a Fhotorml t ip l ie r  t ube  which, i n  tu rn ,  i s  
jb iven  by a s c i n t i l l a t o r  upon which t h e  X-rays impinge. The e r r o r  of 
measurement of a single poin t  i s  about 5 percent ;  t h e  e r r o r  of p o i n t s  
taken from a continuous record  of dens i ty  versus  t i m e  i s  somewhat less. 

Wavelength of 
The s i g n a l  f e d  t o  t h e  

A good ind ica t ion  of t h e  per formnee  i s  furn ished  by t h e  da t a  of 
t a b l e  V and t h e  p lo t  i n  f i g u r e  i 2 ( a ) .  
r?itrogen as t k e  t e s t  gas and represent  condi t ions behind t h e  inc iden t  
shock vave. The reader  shonld note t h a t  two sets of results appear i n  
t h e  t a b l e .  The f irst  s e t  vas obtained f r o z  ca l cu la t ions  based upon t h e  
observed va lue  of t h e  dr iving and t e s t  gas  p r e s s m e s  before  diaphragm 
rupture ;  t h e  second w a s  der ived from t h e  measmed ve loc i ty  of  t h e  shock 
-.qave. Both ca l cu la t ions  a r e  based upon e q u i l i b r i w  p rope r t i e s  of n i t r o -  
gen  and w e r e  com-puted as described i n  appendix A. The agreement between 
t h e  results i s  exce l len t .  

All of t h e s e  da t a  p e r t a i n  t o  

The shock tube  has been designed so t h a t  it can be driven by co ld  
gas mixtures a t  pressures  up t o  11,000 psi. Tes t s  using cold  helium 
d r i v e  hatre so  far been made at p res smes  of 300 t o  400 p s i .  An indica-  
t i o c  of t h e  per formnee  ava i l ab le  i s  contained i n  f i g u r e  l 2 ( b ) .  The 
curve of c o q u t e d  ve loc i ty  i n  t h i s  f i g u r e  i s  based both upon t h e  equa- 
t i o n  of s ta te  of an i d e a l  gas and t h e  assumption t h a t  t h e  enthalpy 
varies l i n e a r l y  with absolu te  temperature. 
a t i o n  of ca l cu la t ed  ve loc i ty  with d r ive r  pressure  i s  not g r e a t l y  d i f f e r e n t  
from t h a t  of t h e  experimental values,  s o  t h a t  reasonably accura te  p re -  
d i c t i o n s  can be made with confidence. 

It is  apparent t h a t  t h e  var i -  

OPER4TING EXPERIEDXE 

The changes d i c t a t e d  by operating experience have been centered  
around but  one problen! - detonation. 
procedure w;,th a mininun risk of damage, t h e  shakedown operat ing proce- 
d w e  followed three s teps :  (I) contained firings with t h e  driving tube  
blanked o f f  from t h e  driven tube, (2)  complete opera t ion  with a rough 
dr iven  tube f a b r i c a t e d  from heavy w a l l ,  low carbon, commercial tubing, 
and ( 3 )  f i n a l  test  f i r i n g s  w i t h  t h e  s t a i n l e s s  s t ee l  dr iven tube  i n  
p lace .  By t h i s  p r o c e d x e  t h e  experience needed t o  determine i g n i t i o n  
c h a r a c t e r i s t i c s ,  optimum proportions of t h e  combustible gas mixtwe, 
diaphragm design, dr iv ing  tube pressures ,  gas  mixing procedure, and many 
o t h e r  r o u t i n e  matters.was obtained with t h e  least poss ib l e  r i s k  t o  per- 
sonnel  and equipment. 

To develop a s a t i s f a c t o r y  opera t ing  
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A chronological  account of t h e  var ious  s t e p s  taken t o  cleveiop 
t h e  combustible mixtwe currentl1y used and t h e  p r o c e d a e  for I n t r o i - x -  
i ng  it i n t o  t h e  dr iv ing  tube  i s  summarized i n  t a b l e  V I .  Sone t y p i c a l  
osc i l loscope  t r a c e s  of t h e  pressure  during combustion are presented i n  
f i g u r e  13. The shots  i n  yhich detonat ion occ>xred  are a l s o  l i s t e d  i n  
t h e  t a b l e .  

The observat ions made during t h i s  series of tests may be 
summarized as fol lows:  

1. 

2. 

2 
3 .  

4. 

If a mixture with a r a t i o  of 7:2:1 (70-percent helium,, f i g .  14) 
i s  f i r e d  immediately af ter  it e n t e r s  t h e  dr iv ing  tube,  v i thou t  
being allowed t o  mix, it burns very roughly. Increasing t h e  
k e l i w  content ~p t o  l3-2/3: 2: 1 (?j2-percect he1i.m) iqx-o-,res 
natters, but sone roughness i s  always present .  

Zones of hot spo t s  ev ident ly  o c x r  at i n t e r v a l s  along t h e  
a x i s  of t h e  dr iv ing  tube during rough bmning. This  conclu- 
s ion  i s  based upon t h e  fact  t h a t  af ter  f i r i n g ,  t h e  t-;ngsten 
i g n i t i o n  w i r e  i s  b r i t t l e  a t  var ious  po in t s  along i t s  length ,  
r e t a in ing  i t s  d u c t i l i t y  between such poin ts .  N o  such loss of 
d u c t i l i t y  i s  observed with smooth burning. 

Rough combustion invar iab ly  i s  noisy,  t h e  no i se  being anything 
between a l i g h t  ping and a muffled shock. 
t o o  quie t  t o  be heard outs ide  t h e  b i a s t  chamber (fig.. 1). 

Smooth burning i s  

Rough combustion leaves a puddle of water on t h e  bottom of t h e  
dr iv ing  tube.  Nith smooth burning no such puddle i s  found. 
The w a t e r  remaining i n  t h e  tube  i s  deposi ted i n  small drops 
u n i f o r a j  d i s t r i b u t e d  over t h e  e n t i r e  bore. 

CONCLUDING REMARKS 

The foregoing r epor t  has described a shock tube  i n s t a l l a t i o n  
designed pr imar i ly  f o r  i nves t iga t ing  t h e  f i e l d  of chemical k i n e t i c s  a t  
temperatures up t o  7500°K and at pressures  from 1/2 t o  5 a t m .  
no attempt t o  make t h i s  descr ip t ion  complete; emphasis was placed p r i n -  
c i p a l l y  upon those  aspec ts  of t he  design upon which opinions d i f f e r  as 
t o  t h e  bes t  arrangement. Ef for t  has been made t o  expla in  t h e  reasoni% 
fol lowed i n  t h e  choices f o r  t h i s  apparatus.  Wherever poss ib l e  r e s u l t s  
neasured v i t h  t h i s  shock tube and i t s  a p p r t e n a n c e s  have been conpared 
w i t h  ca l cu la t ed  values ,  or with r e s u l t s  repor ted  f o r  o ther  i n s t a l l a t i o n s .  
Agreement has i n  a l l  cases  been much b e t t e r  than  o r i g i n a l l y  expected. 

There was 
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The performance of t h e  shock tube  w a s  computed d i r e c t l y  from t h e  
p rope r t i e s  of t h e  combustible gas mixture and of t h e  tes t  gas a t  t h e  
instar; t  of diaphragm rupture .  
conditions : 

T h e s e  c a l c u l a t i o n s  assume t h e  following 

1. 

2. 

3. 

4. 

5. 

I s e n t r o p i c ,  one-dimensional f low e x i s t s  i n  t h e  gas stream 
extending from t n e  dr iv ing  tube  t o  t h e  i n t e r f a c e .  

I d e a l  gas eqGations a r e  r e p r e s e n t a t i v e  of condi t ions  throughout 
t h e  reg ion  of i t e m  1. 

The free-s t ream s t a t i c  pressure  i s  constant across  t h e  
i n t e r f a c e  ( i . e . ,  p6 = p 2 ) .  

The p rope r t i e s  of t h e  test gas across  t h e  shock wave may 
be related t o  each other by data such as those  of r e fe rence  1 
together  with equations der ived  from t h e  conservation of 
(a) mass, ( b )  momentum, and ( e )  energy. 

The flow i s  everywhere ad iaba t i c .  

Using t h e s e  assumptions, choosing t h e  prope;. frame of r e fe rence  
f o r  v e l o c i t i e s ,  and rearranging some of equations of r e fe rence  7, w e  
assembled t h e  following equations f o r  ca l cu la t ing  conditions behind 
t h e  inc ident  shock wave: 
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Equation (5)  is  t h e  equation of s t a t e ,  t abu la t ed  as i n  re ference  1. 
It is  used i n  t h e  form seen i n  f i g u r e  15. 

There a r e  thus  f i v e  equations ava i l ab le .  For assumed values  of 
A4/A1 and of p4 t h e r e  a r e  a l s o  f i v e  unknowns; namely, p2, p2, h2, 
u2, and Ms. The procedure f o r  ca lcu la t ing  t h e s e  unknown q u a n t i t i e s  
c o n s i s t s  of: 

1. Computing from equation (2) f o r  t h e  assumed value of 
&/A1 

2. A s s d n g  a s e r i e s  of values f o r  p2 and computing u2/a4 
from equat ion (1) f o r  each value.  

3. Computing corresponding values  f o r  P ~ P ,  from equat ion (3) .  

4. Computing corresponding values  f o r  h2 from equat ion (4) .  

Two curves a r e  then  drawn on f i g u r e  15(a). 
h2 t f ( p 2 / p o ) ,  r e s u l t s  d i r e c t l y  from s t e p s  3 and 4. 
i s  obtained through t h e  intermediary p l o t ,  f i g u r e  15 (b ) ,  i n  t h e  f o l -  
lowing manner: 

The first curve, 
The second curve 

1. 

2 .  

3. 

4. 

*om s t e p s  2 and 3 p l o t  a curve of 

For each poin t  used t o  construct  t h i s  curve (or f o r  any 
other  set of po in ts  lying on t h e  curve) r ead  t h e  correspond- 
ing  temperature.  

p2/p0 = f (p2 /p0) .  

With t h e  values of temperature and of p2/p0 thus  obtained, 
p l o t  a second curve. on f i g u r e  15(a), which a l s o  represents  
h2 = f ( P 2 / P 0 )  * 

The po in t  at which these  curves i n t e r s e c t  i s  t h e  s o l u t i o n  t o  
t h e  problem. 

Some Dbservations concerning t h i s  procedure follow: 

1. Figures l5(a) and l 5 ( b )  can be replaced by any p l o t  depic t ing  
t h e  equi l ibr ium proper t ies  of t h e  gas ,  f o r  exanrple, a Mollier 
diagram. 
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2. For p r e c i s e  work, a tabula ted  form of equat ion  ( 5 )  and 
an i t e r a t i o n  process citn be used t o  c a l c u l a t e  t h e  values 
of t h e  unknown q u a n t i t i e s  numerically. 

3.  For undissoc ia ted  i d e a l  gases  a t  h igh  &ch numbers t h e  
r a t i o s  of p re s su re  and temperature ac ross  t h e  shock wave 
vary a s  
( y  + l ) / ( r  - 1). 
it i s  advantageous t o  use t h e  dens i ty  r a t i o  r a t h e r  t han  
p res su re  as t h e  independent variable. 

M2, b u t  t h e  dens i ty  r a t i o  t ends  t o  t h e  l i m i t  
Whenever, t h e r e f o r e ,  it can be arranged 

4. A scheme similar t o  that ou t l ined  above can be  used t o  
compute equi l ibr ium conditions ac ross  a normal shock wave. 
The work involved i s  much less than  t h e  computation of 
shock tllbe performance. 
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A.FPl”DIX B 

The tanks i n  which it was planned t o  premix t h e  helium arid 
hydrogen are c y l i n d r i c a l  ves se l s  approximately 13  inches i n  diameter, 
16 f e e t  long ( i n s i d e  dimensions) having a volume of 15 cubic feet. 
They are mounted v e r t i c a l l y .  The same por t  i s  used f o r  charging both 
helium and hydrogen, and f o r  withdrawing t h e  contents .  It i s  loca ted  
approximately 1 foo t  above t h e  bottom end. 

To determine whether d i f fus ion  would e f f e c t i v e l y  mix t h e  gases 
within a reasonable time one tank was charged, first with hydrogen, 
then  with helium. 
A f t e r  being charged, t h e  contents w e r e  allowed t o  s tand  5 days, and 
were then  removed. A s  t h e  tank  pressure f e l l ,  s w l e s  of t h e  e f f l u e n t  
were obtained a t  t h e  pressures  noted i n  f i g u r e  16, and t h e  He:H2 r a t i o s  
were measured with a mass spectrometer. These r a t i o s  are a l s o  p l o t t e d  
on t h e  f igu re .  

The He:H2 r a t i o  was 6.24 based on p a r t i a l  pressures .  

Figure 16 shows t h a t  v i r t u a l l y  no mixing took p lace  during t h i s  
5-day per iod,  and t h a t  thorough mixing could not be expected wi th in  any 
reasonable t i m e .  
confirmed by using them t o  ca l cu la t e  t h e  He:H2 r a t i o  of t h e  o r i g i n a l  
con ten t s  of t h e  tank.  
w e l l  with 6.24 r a t i o  obtained from p a r t i a l  pressures .  

The accuracy of t h e  da ta  presented i n  t h e  f i g u r e  was 

The value thus  computed was 6.02, which agrees 
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TABLE I - - DRI'JIKG TLBE MTA 

N a t  e r i a l  

Type: "Gun type s t e e l "  

Analvsis:  Element Specif ied (NASA) , Keasured, 
percent percent 

C 
Mn 
S i  
P 
S 
CI- 
E i  
180 
Va 

0.30-0.40 
.a- -90 
.lo- .35 
.03 max 
.03 IELX 
.60-1.50 
2.50-3-75 
.30- .6'5 
.20 max 

0.37 
.56 
.21 
.015 
.016 

1.13 
3 - 47 
.61 
* 13 

!\lethod of manufacture: Forged from ingot ,  3 : l  minimum reduct ion.  
Ingot poured from bas ic  e l e c t r i c  furnace.  

F'n;rsical p rcper t ies"  : 

Tens i le  Yie ld  Reduction of 
Specimen Strength,  0.2s o f f s e t  , Elongation, area,  

p s i  p s i  percent  percent 

Spec i f ied  Not spec i f i ed  145,000 min 10 min 18 min 

1- Tangent ia l  
2- Tangent ia l  
3- Radial  
4- Radial  
5- Radial  
6- Longitudinal 
7 - Longitudinal 
8- Longitudinal 

177,000 
187 , ooo 
189,000 
189,000 
189,500 
193 , 500 
193,000 
195,500 

--- 
17 2 , 000 
174,000 

17 6,000 
181 , ooo 
180,000 
182,500 

17 5,000 

7-5 15 -7 
8.85 23-3 
10.7 21 -4 
10.6 27.4 
9.7 18.7 
14.0 43 -7 
16.2 45.4 
12.7 39.7 

Hardness: Spec i f ied  - Rockwell c-38 m x  
Measured - Rockwell C-36 t o  C-40 

Speci f ied  - 13 f t  Ib 
Measured - 14.5,  15.0 f t  l b  

Charpy Impact: 

Ultrasonic:  Okay 

Dye penet ran t :  Okay 

"All values  obtained from ASTM standard t e s t  bars  0.505d x 2 i n .  long 
f a b r i c a t e d  from t h e  in s ide  6-in.  por t ion  of a 12-in.  long coupon forged 
i n t e g r a l l y  with t h e  dr iving tube.  



i . d .  i' i n .  
lengt5 l-{ i't 

Por t s :  5 t o t a l ,  o spaced at 33 i n .  and staggered a t  90°, plus 1 
add i t iona l  po r t  a t  each end loca ted  120' Yrom corresponding 
s taggered part. Por ts  Earnbered i tkrougki E i n  d i r e c t i o n  of 
gas  Tlow; used as follows: 

KO. 1 02 input  
2 input' 
3 Pressure c e l l  ( f i g .  11) 
4 Vacant 
5 He/H2 input++ 
i-- i Pressure  c e l l  ( f i g .  11) 
7 He/Y2 tnput+ 

, 

Charging pressure gage l i n e  c: " 

si One o r i f i c e  0.073 i n .  d 
i w o  o r i f i c e s  0.096 i n .  d 

"*m 
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TABLE 11. - DIAPHRAGK DATA 

Material 

Type: 321 stainless steel 

Analysis: Element 

C 
>In 
P 
S 
Si 
Cr 
Ni 
Ti 

Specified (ASM) , $ 
0.oe rnax 
2.00 mslx 

.045 max 

.030 m x  
1.00 max 
17.00-19.00 
8.00 -11.00 

5xC, min 

bIeasured, $ 
0.040 
1.56 

.023 

.009 
-77 

17.85 
9, &) 
.48 

P hy s i ea1 pr opert i es , mea SUT ed : 

Tensile strength 86,300 psi 
Yield 39,800 psi 
Elongat ion 52s 
Hardness Rockwell 13 -81 
Bend test 1800 at lx thickness, 0.k. 
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TABLE 111. - IBIVEIV TUBE AED WORKING SECTION DATA 

Material  

~;\;pe: 316 s t a i n l e s s  s t e e l  

Analysis  : Element 

C 
Mn 
S i  
P 
S 
C r  
N i  
Mo 

Spec i f i ed  (ASM), $ 
0.10 max 
2.00 max 
1.00 max 

.045 max 
-03  ma^ 

16.00 -18.00 
10.00 -14.00 
2 .oo -3 .oo 

Measured, 5 
0.06 
1.85 

.46 

.031 

.014 
17.42 
13-79 
2.58 

Method of mnufac ture :  Forged from ingo t s ,  3: 1 minimum reduction. 
Ingots poured from bas i c  e l e c t r i c  furnace.  

Phys ica l  p r o p e r t i e s :  

Tens i l e  Yield Reduc - 
Specimen Strength,  0.2s o f f s e t ,  Elonga- t i o n  of Rockwell 

p s i  ps i  t i o n ,  area, $I hardness 

Spec i f i ed  75,000 min 30,000 min 25 min 35 min B-95 max 

1- Tangent ia l  77,750 37 , 500 37.5 46.6 82 

3- Tangent ia l  80,000 38,000 32.0 48.6 84 
4- Tangent ia l  81,250 38,000 65 .o 71.6 84 
1- Longitudinal  62,500 39,500 71.0 80.2 84 
2- Longi tudinal  82,000 37,000 70.5 80.2 84 
3- Longi tudinal  82,000 37 , 500 72.0 79.4 84 
4- Longi tudinal  82,250 35,500 71.0 80.2 84 

2- Tangent ia l  82,000 38,000 66.0 64.7 83 

Ul t rasonic  : 0 .  k. 

Dye penet ran t :  0.k. 

Dimensions : Component 0.a. i . d .  Length 

Driven tube  sec t ions  6 i n .  3 in .  10 f t  

Working s e c t i o n  8 in .  3 in .  5 ft 
Flanges 12-1J2i.n. --- 2-112 in .  
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TABLF: IV. - IG?SrTION EQUIPMEIW AND COI~BLJSTION GAS DATA 

I g n i t i o n  

Type: Hot wire ,  heated by capaci tor  discharge 

T I .  - wire: 

E l e c t r i c a l  equipment: 

0.015 d tungsten,  preloaded wi th  10 l b  t ens ion  

6 capaci tors  a t  7-l/2 pFd each (45 pFd t o t a l ) .  
Voltage 9 kv used, 20 kv m a x i m u m  ava i l ab le .  

\ ? i re  temperature: 95' C t o  1000° C est imated with o p t i c a l  pyrometer 

Combust ion G a s  

Mixture: He:H2:02 = 12:2:1 

Source pressures:  H2 2,200 ps i  t o  2,800 p s i  

12,000 ps i  t o  13,000 p s i  He 

Procedure: a. O2 t o  amount needed 

b. H2 t o  amount needed at source pressure  

c. H e  t o  amount needed a t  source pressure  

d. Mixing t i m e  w a i t  before  i g n i t i o n  

1. 500 p s i  charging pressure  - 1 hr 
2. 1000 p s i  charging pressure  - 2 hr 
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TABLF: V. - PERFOFWdCE O F  SHOCK TL%E 

I n i t i s l  condi t ions:  

Test gas : 

Kind 
F'r es s -m e 
Temperature 
Spec i f i c  enthalpy 
Sonic ve loc i ty  

Nitrogen 
2 m H g  
525' R 
130.1 Btu/lb 
1,142 f t / s e c  

Driving gas: 

Mixture Re:H2:02 12:2:1 
Charging pressure  505 p s i a  

Test  conditions:  

Driving gas pressure 3,610 p s i a  
Shock wave ve loc i ty  20,000 f t / s e c  

Computed results: 

Rased on dr iving 
tube  pressure  

P2/P1 426 

o,~Jo~ 14.21 

T2 6 , 7 5 0 ~  K 
h2 8,600 Btu/lb 

W1 20,640 f t / s e c  

Ml 18.07 

u2 19,180 f t / s e c  

7 128.4 psec 

12 2.46 f t  

a4 7,105 f t / s e c  

p4/p4,0 7.15 
Combustion e f f i c i ency  96.276 * 

Based on shock 
wave ve loc i ty  

406 

6,680' K 
8,200 Btu/lb 

20,000 f t / s e c  (observed) 

13-52 

17 -51  
18,520 f t / s e c  

139.8 psec 

2.59 f t  

jtBased upon constant volume reac t ion  
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Fig. 2 .  - V~PT;  of shock tube. -4-34159-1. I 

N A T I O N A L  AERONAUTICS A N D  SPACE A D M W I S T R A T O N  
AMES RESEARCH CENTER MOFFETl FIELD CALBORNIA 
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(b) From wcrkirg sec t ion  end. 

Fig.  2. - Concluded. A-34159-2.1 

N A T I O N A L  A E R O N A U T K S  AND SPACE A D M H l S T P A T K m  
AMES R€SEARCH CENTER. MOFFEW FIELD, C A L H O P N I I  
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Figure 4.- T rans i t i on  sec t ion  and diaphragm components, 

A-34159-12.1 

N A T I O N A L  AERONALITICS AND SPACE A D M M I S T R A T I O N  
A M f S  RESEARCH CWTER. MOFFETT FIELD, CALIFORNIA 
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Fig: 8.- Diaphragm burs t ing  pressures  i n  test  apparatus and i n  shock tube.  
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Contained firing Type of burning Diaphragm installed 

Charging pressure = 582 psi 866 psi 

800 psi 570 psi 

900 psi 

1000 psi 1020 psi 

Fig. 13.- Typical  records of combustion chamber pressure  after i g n i t i o n .  
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Fig.  16.- Variat ion of t h e  He:H2 r a t i o  measured i n  t h e  mixture issuing from 
t h e  s torage  vesse l  during blow-down. 
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